Novel recombinant adeno-associated virus vectors pseudotyped with serotype 8 capsid (rAAV2/8) have recently shown exciting promise as effective liver-directed gene transfer reagents. We have produced a novel liver-specific rAAV2/8 vector expressing the mouse phenylalanine hydroxylase (Pah) cDNA and have administered this vector to hyperphenylalaninemic PAH-deficient Pah enu2 mice, a model of human phenylketonuria (PKU). Our hypothesis was that this vector would produce sufficient hepatocyte transduction frequency and PAH activity to correct blood phenylalanine levels in murine PKU. Portal vein injection of recombinant AAV2/8 vector into five adult Pah enu2 mice yielded complete and stable (up to 17 weeks) correction of serum phenylalanine levels. Liver PAH activity was corrected to 11.572.4% of wild type liver activity and was associated with a significant increase in phenylalanine clearance following parenteral phenylalanine challenge. Although questions of long-term safety and stability of expression remain, recombinant AAV2/8-mediated, liverdirected gene therapy is a promising novel treatment approach for PKU and allied inborn errors of metabolism.
Phenylketonuria (PKU) is one of the most common inborn errors of metabolism with an incidence of approximately 1:16 000 births in North America. The most common cause of PKU is deficiency of phenylalanine hydroxylase (PAH; EC 1.14.16.1) due to recessively inherited mutations in the PAH gene. 1 PAH is a homotetramer expressed primarily in the liver that catalyzes the irreversible hydroxylation of phenylalanine (Phe) to tyrosine. 2 PAH deficiency is associated with impaired phenylalanine clearance and consequently hyperphenylalaninemia. Reduction of blood Phe levels through dietary protein restriction prevents the major manifestations of the disease (mental retardation, seizures, and growth failure), but shortcomings in this strategy exist, including the need to adhere consistently to an unpalatable and expensive diet, persistent mild cognitive deficits in some treated children, 3 and severe teratogenic effects upon the fetuses of mothers who cannot maintain dietary control, the so-called maternal PKU syndrome. 4 In order to prevent long-term complications of hyperphenylalaninemia, dietary therapy for PKU is recommended for the life of the affected individual. 5 For these reasons, we and many other investigators have explored the development of permanent cell-directed treatments including gene therapy for PKU. 6 All of these investigations have benefited significantly from the availability of a murine model of PAH deficiency, the Pah enu2 mouse. 7 Published investigations of liver-directed gene therapy for murine PKU have utilized recombinant retrovirus based upon the Moloney murine leukemia virus (MoMLV), 8 recombinant adenovirus, 9 or adeno-associated virus (AAV) vectors, either AAV serotype 2 (rAAV2) 10, 11 or pseudotyped with serotype 5 (rAAV2/5). 12, 13 Unfortunately, many of these attempts have been limited to varying degrees by either insufficient or temporary gene expression.
Novel recombinant AAV vectors pseudotyped with AAV serotype 8 capsid (rAAV2/8) have demonstrated improved liver transduction and increased levels of transgene expression 14, 15 in comparison to other AAV serotypes. Our hypothesis was that administration of a PAH-expressing rAAV2/8 vector would transduce sufficient numbers of hepatocytes and induce sufficient liver PAH activity to correct hyperphenylalaninemia in Pah enu2 mice. We produced a novel pseudotyped rAAV2/8 vector (LSPmPAH rAAV2/8) containing the murine Pah cDNA under the transcriptional control of a strong liver-specific promoter (LSP). The LSP is a combination of two copies of a human a1-microglobulin/bikunin enhancer and the promoter from the human thyroid hormone-binding globulin gene; this combination has been shown to direct high level liver specific gene expression, initially in hemophiliac dogs with Factor IX deficiency. 16 The expression vector also contained a bovine growth hormone polyadenylation (pA) signal 3 Table 1 . Serum Phe levels decreased to normal by 1 week following rAAV2/8 injection in all five animals ( Figure  1 ), and this decrease from preinjection levels was statistically significant at all time points. At 8 weeks following rAAV2/8 injection (the final time point available for all five mice), the mean serum Phe had decreased from 21077102 mM (mean7s.e.) to 148727.7 mM (P50.001). In the four mice that were allowed to survive beyond 8 weeks, this effect was sustained up to at least 17 weeks after injection, the final time point measured prior to euthanasia. Serum Phe concentration did not decrease following saline injection in the control animal.
Prior to rAAV2/8 injection and again 8 weeks later, a parenteral Phe tolerance test was performed to evaluate Phe clearance capacity. The results of these Phe challenges are displayed in Figure 2 . The mean Phe clearance as measured by the area under the curve (AUC) 8 weeks following rAAV2/8 administration was 18447187 mM h, a significant decrease from 50597462 preinjection Quantification of vector genome copy number. The number of vector genomes in liver was quantified by Southern blotting of 10 mg EcoR1-treated total DNA isolated from livers of rAAV2/8 treated mice. EcoR1 digestion excises the 2.0 kb mouse Pah cDNA from the rAAV2/8 vector and also a 6 kb genomic fragment that contains exon 6 from the murine Pah gene. Separately, Pah exon 6 was amplified by PCR from wild-type liver genomic DNA and radiolabeled by including 32 P-a-dCTP in the PCR reaction. This radiolabeled 600 bp Pah exon 6 PCR product was used to detect both the murine Pah cDNA from the rAAV2/8 vector and the 6 kb murine Pah genomic fragment on the Southern blots. Southerns were imaged using a Biorad FX phosphoimager and densitometry performed using Biorad Quantity One software. Pah cDNA signals were normalized to the murine Pah genomic signal of that same animal then compared to the Pah cDNA signal from a standard series to calculate the vector copy number. The standard series was constructed using Pah enu2 /Pah enu2 liver DNA spiked with increasing amounts of plasmid DNA (pCImPAH) containing the murine Pah cDNA and represented zero to 1000 cDNA copies per haploid genome. The Pah cDNA signals from this standard series were normalized against the genomic signal and plotted against the cDNA copy number to yield a linear standard curve with a correlation coefficient ¼ 0.98.
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CO Harding et al (P ¼ 0.0001); this result confirms that phenylalanine clearance had significantly improved in the five rAAV2/8-treated mice. Hyperphenylalaninemia in C57Bl/6-Pah enu2 /Pah enu2 mice is associated with relative hypopigmentation of coat color. This effect is likely due to the competitive inhibition of tyrosinase enzyme in melanocytes by phenylalanine. 21 Following administration of LSPmPAH rAAV2/8 and normalization of serum Phe levels, coat color gradually darkened in the treated mice ( Figure 3 ). The emergence of this effect was noticeable by 2 weeks following injection and complete by 8 weeks.
Liver PAH activity was measured in whole-liver homogenate at 8-17 weeks following rAAV2/8 administration. Mouse A and the saline control were euthanized at 8 weeks while the remaining mice were killed 17 weeks following rAAV2/8 treatment. Liver PAH activity in the five mice (measured in triplicate) averaged 20.874.4 nmol tyrosine produced/mg protein/h but ranged from 19.0 to 27.2 nmol/mg/h, equivalent to 11.0-15.1% wild-type C57Bl/6 liver PAH activity (wildtype liver PAH activity ¼ 181718.7 nmol/mg/h, n ¼ 4). In comparison, liver PAH activity measured only 1.2371.11 nmol/mg/h (0.7% wild type) in the control Pah enu2 /Pah enu2 mouse 8 weeks following saline injection. No PAH activity was detected in the brain, heart, lung, spleen, kidney, skeletal muscle, or testis of Mouse A 8 weeks following rAAV2/8 administration.
The number of rAAV2/8 vector genomes in the liver was measured using Southern blotting to quantify accurately the relative amounts of rAAV2/8 vectorderived Pah cDNA in total liver DNA ( Table 1 ). The number of vector genomes detected in the liver was 14.578.5 vg/haploid genome, and ranged from 8.1 vg/ haploid genome in Mice A and C to 25.7 vg/haploid genome in Mouse E. In this experiment, the frequency of hepatocyte transduction was not measured. Previously published data by other investigators suggest that portal vein injection of 3 Â 10 11 rAAV2/8 vg per mouse yields transduction in 15-25% of hepatocytes. 20 If we assume 25% transduction frequency following portal vein injection of 5 Â 10 11 rAAV2/8 vg in this experiment, then each transduced cell would contain approximately 120 vector genomes and would express approximately 50% wildtype PAH activity per cell. Using PCR amplification of the Pah cDNA followed by Southern blotting to quantify the amount of PCR product present, no LSPmPAH rAAV2/8 vector genomes were detected in total DNA isolated from the brain, heart, lung, spleen, kidney, skeletal muscle, or testis of Mouse A; this assay is capable of detecting as few as 1 vg/haploid genome.
No adverse effects of rAAV2/8 vector administration were noted. Animals that underwent portal vein injection lost on average o5% body weight postoperatively but had completely recovered by 1 week following injection. Histologic examination of formalin-fixed, H&E-stained liver sections following euthanasia revealed no abnormalities (data not shown). Lymphocytic infiltrates were absent from the livers of all mice examined.
Many other investigators have explored gene transfer as a potential therapy for PKU. 6 Administration of recombinant adenovirus vector containing the human PAH cDNA to Pah enu2 mice resulted in complete correction of hyperphenylalaninemia but this effect lasted o3 weeks due to immune-mediated rejection of adenovirus-infected hepatocytes. 9 More recently, administration of PAH-expressing rAAV vectors (either rAAV2 11 or rAAV2/5 12, 13 ) to Pah enu2 mice has resulted in greater stability of expression. Portal vein infusion of 10 11 rAAV2 particles per male Pah enu2 mouse has yielded stable but only partial correction of serum phenylalanine levels (reported in abstract form only). 10, 22 No effect was seen in female mice, however. In the report of Oh et al., 11 portal vein injection of a higher dose (2 Â 10 12 vg/mouse) of rAAV2 (multiplicity of infection E4 Â 10 4 vg/hepatocyte) yielded more complete correction with liver PAH 11 vg of LSPmPAH rAAV2/8 via portal vein injection and serum phenylalanine levels were measured weekly thereafter. A sixth mouse received a saline injection as a control. Mouse A and the saline control were sacrificed at eight weeks (56 days) for tissue analysis. The data are expressed as mean serum phenylalanine (mM) from all mice alive at that time point vs days postinjection with the error bars (for rAAV2/8 treated mice) representing one standard error (s.e.). Figure 2 Phenylalanine tolerance tests in Mice B-E. Phenylalanine tolerance tests were performed in Mice B-E 1 week prior to and again 8 weeks after LSPmPAH rAAV2/8 injection. The mice received Phe-free mouse chow (Harlan-Teklad) overnight prior to Phe challenge. The following morning, L-phenylalanine, 5 mg/ml in Hank's buffered saline solution, was administered via intraperitoneal injection (dose ¼ 0.5 mg/g body weight). Serum Phe was measured prior to and 2, 4, and 6 h after injection and was plotted against time. In these graphs, the area under the curve (AUC) is inversely proportional to the rate of Phe clearance, that is, as phenylalanine clearance improves following rAAV2/8 administration the area under the serum Phe vs time curve decreases. The data are expressed as mean serum phenylalanine (mM)7s.e. vs time in hours post-Phe injection.
Recombinant rAAV2/8 in murine PKU CO Harding et al activity of 17% of normal and a reduction in serum Phe to 3607160 mM by 5 weeks following injection again in male mice only. The percentage of hepatocytes transduced was not reported. By 25 weeks postinjection, however, the number of vector genomes detectable in the liver decreased, the mean liver PAH activity had decreased to 9.5%, and serum Phe had increased to approximately 600 mM. Again, serum Phe in female Pah enu2 mice was unaltered following rAAV2 injection in this experiment. Several investigators have noted this difference in treatment effect between male and female mice following rAAV2 administration. Recombinant AAV vectors transduced the liver less efficiently in female mice due to a reduced rate of conversion of single-stranded AAV vector genomes to double-stranded genomes, a limitation that was preventable by pretreating with androgens. 23 Improved rAAV2-mediated expression in female Pah enu2 mice has been observed following ovariectomy and testosterone treatment. 22 Recombinant AAV2/5 have also been successfully employed to treat murine PKU, but extremely high doses of virus have been required. Administration of 3 Â 10 13 or 1 Â 10 14 rAAV2/5 vg per mouse via portal vein injection (MOIE6 Â 10 5 or 2 Â 10 6 vg/hepatocyte) yielded complete correction of serum phenylalanine levels by 2-4 weeks after injection in male Pah enu2 mice. 12 This effect was stable up to 40 weeks after injection. In female mice, serum phenylalanine levels corrected completely only in mice that received 1 Â 10 14 vg per mouse. The effect was also only temporary as blood phenylalanine levels in treated female Pah enu2 mice began to rise again by 10 weeks after gene transfer and returned to pretreatment levels by 40 weeks. Essentially identical results with an analogous rAAV2/5 vector have been reported in an abstract by other investigators. 13 No information regarding transduction frequency or liver PAH activity following rAAV2/5 administration to Pah enu2 mice has been reported.
We have previously employed hepatocyte-mediated therapeutic liver repopulation to explore the physiologic thresholds that influence the success of liver-directed gene therapy for PKU. 24 Repopulation of PAH-deficient Pah enu2 liver with more than 10% wild-type PAHexpressing hepatocytes yielded complete correction of serum Phe levels, but only partial correction was achieved in animals with 5-10% repopulation frequency. The amount of PAH activity in the whole liver of a Pah enu2 mouse repopulated with 5% wild-type hepatocytes is capable of producing 31 500 nmol tyrosine/day, an amount that should have been more than sufficient to metabolize completely the entire daily dietary Phe intake (300 nmol/day) of the animal; yet, in the actual experiment serum Phe levels remained slightly elevated (316-685 mM) in mice with 4.8-9.3% repopulation. This result suggests that, at o10% repopulation, Phe clearance was limited by some factor other than total PAH-activity and that this factor likely correlated with the absolute number of PAH-expressing hepatocytes in the liver. Possible factors could include limited blood flow to PAH positive hepatocytes, cell membrane Phe transport, or cellular BH 4 supply. In isolated rat hepatocytes, flux control analysis has suggested that cellular PAH activity and transmembrane Phe transport make equal contributions (i.e., they have nearly equal control coefficients of approximately 0.5) to total Phe flux under conditions of basal enzyme activity. 25 In fact, Phe flux was controlled predominantly by the rate of Phe transport into the hepatocyte once PAH activity was maximally activated by glucagon administration. Multiple animal trials with rAAV2 vectors have demonstrated transduction frequency equaling approximately 5% of hepatocytes. We propose that this level of transduction has been mice regardless of the amount of PAH activity expressed per cell following vector administration. Transduction of at least 10% of hepatocytes is required to correct hyperphenylalaninemia in murine PKU completely. The pseudotyping of rAAV2-based vectors with capsid proteins from alternative AAV serotypes has improved the tropism of rAAV vectors for the liver, and has led to enhanced therapeutic gene expression. 14, [26] [27] [28] Recombinant AAV2 vector genomes cross-packaged as rAAV2/1, rAAV2/5, rAAV2/7, or rAAV2/8 vectors all transduced the liver more efficiently than the original rAAV2 vector. 14, 27 Recombinant AAV2/8 vectors in particular have demonstrated increased frequency of hepatocyte transduction in mouse and dog liver (close to 100% when doses 410 12 vg per mouse are administered), 20 greater levels of stable gene expression, and therefore significantly improved potential efficacy over rAAV2 for liver-targeted gene therapy in hemophilia A and other genetic diseases. 15 Whether rAAV2/8 vectors will demonstrate improved tropism in the human liver is yet unknown.
The LSPmPAH rAAV2/8 vector that we constructed has demonstrated vastly improved efficacy over previously employed rAAV vectors in the treatment of murine PKU. Liver PAH activity measured in the liver homogenate was restored to 410% wild-type levels and presumably transduced more than 10% of hepatocytes. Phenylalanine clearance was restored and hyperphenylalaninemia was completely corrected in five mice that received 5 Â 10 11 vg per mouse (MOIE10 4 vg per hepatocyte) via portal vein injection. This effect was stable at least up to 17 weeks postinjection. Similar therapeutic results in Pah enu2 mice by other investigators using higher doses of a different rAAV2/8 vector are reported elsewhere in this issue. 29 These investigators and others 20 have reported that injection of rAAV2/8 vector via the tail vein is just as effective as portal vein injection for liver transduction but with the consequence of transducing multiple other tissues including heart and skeletal muscle. In our hands, portal vein administration of LSPmPAH rAAV2/8 more readily corrected serum Phe levels than tail vein injection at least with these relatively low vector doses, but the number of mice treated by tail vein injection was small (n ¼ 2). We chose to further investigate portal vein injection only because of this apparent superior efficacy and the ability to restrict transduction primarily to the liver. Evaluation of multiple tissues other than liver for the presence of PAH activity and of vector genomes has demonstrated that transduction was successfully confined to the liver in our experiment. In our hands, rAAV2/8 has been the first gene transfer vector system to safely produce complete and stable correction of hyperphenylalaninemia in the Pah enu2 mouse model. In contrast to previous work with rAAV2 and rAAV2/ 5 vectors, treatment with LSPmPAH rAAV2/8 was equally effective in four male and a single female mouse. Whereas previously employed rAAV vectors have often utilized strong promoters with expression potential in a broad range of tissues and therefore the potential for unwanted adverse effects, the LSP promoter employed here has yielded impressive PAH expression specifically in the liver. No short-term adverse effects of this therapy were noted, although detailed investigation of liver Evaluation of longer-term expression stability is in progress. Although most of the vector genomes are expected to remain episomal, 20 the potential for rare random integration of the rAAV2 genome into host chromosomes does exist. In mice, rAAV2 infection has led to small genomic deletions, 30 and multiple chromosomal translocations have been observed in cultured mammalian cells following rAAV2 infection. 31 The development of hepatic tumors 1 year after rAAV2 administration to mice has been reported by a single investigator. 32 The long-term incidence of adverse effects following rAAV2/8 administration is yet to be evaluated. In comparison to rAAV2 or rAAV2/5 vectors previously used to treat Pah enu2 mice, lower doses of LSPmPAH rAAV2/8 were needed to produce a therapeutic effect; we propose that the administration of lower doses of vector will substantially reduce the risk of long-term adverse events.
Contemporary dietary therapy for inborn errors of intermediate metabolism must be rigorously applied throughout life to insure a satisfactory clinical outcome; nonadherence to the nutritional prescription and consequently adverse disease-associated complications are commonplace. The quest for a truly permanent, effective cure continues. Although questions concerning longterm stability of expression, the incidence of both acute and late adverse effects, and tropism for human liver remain, to date rAAV2/8 is the most promising vector system for liver-directed gene therapy of PKU and allied inborn errors of metabolism.
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